Methanogenic and methanotrophic archaea play important roles in the global flux of methane. Culture-independent approaches are providing deeper insight into the diversity and evolution of methane-metabolizing microorganisms, but, until now, no compelling evidence has existed for methane metabolism in archaea outside the phylum Euryarchaeota. We performed metagenomic sequencing of a deep aquifer, recovering two near-complete genomes belonging to the archaeal phylum Bathyarchaeota (formerly known as the Miscellaneous Crenarchaeotal Group). These genomes contain divergent homologs of the genes necessary for methane metabolism, including those that encode the methyl-coenzyme M reductase (MCR) complex. Additional non-euryarchaeotal MCR-encoding genes identified in a range of environments suggest that unrecognized archaeal lineages may also contribute to global methane cycling. These findings indicate that methane metabolism arose before the last common ancestor of the Euryarchaeota and Bathyarchaeota.
A naerobic archaea are major contributors to global methane cycling. Methanogenic archaea are estimated to produce one billion tons of methane per year, with an equal amount estimated to be oxidized by archaeal methanotrophs (1) . All previously described archaeal methane-metabolizing microorganisms belong to the phylum Euryarchaeota (2) and share a core set of bidirectional enzymes responsible for their respective metabolisms (3) . This restricted phylogenetic distribution has led to the hypothesis that archaeal methane metabolism originated within the Euryarchaeota (4), although an origin outside this phylum has also been proposed (5) . Recent advances in metagenomic techniques are allowing population genomes to be recovered en masse across many previously uncultivated archaeal lineages and from increasingly complex environments (6, 7) . This has greatly expanded our understanding of the metabolic capabilities of these lineages; however, no methanogenic or methanotrophic archaea have been discovered thus far outside of the Euryarchaeota phylum.
The recently proposed Bathyarchaeota phylum (formerly the Miscellaneous Crenarchaeotal Group, MCG) represents an evolutionarily diverse group of microorganisms (8) (9) (10) (11) found in a wide range of environments, including deepocean and freshwater sediments (9, 12, 13) . The high abundance of bathyarchaeotal 16S ribosomal RNA (rRNA) genes and lipid biomarkers within sulfate-methane transition zones has led to speculation that members of this lineage may be involved in dissimilatory anaerobic oxidation of methane, coupled to organic carbon assimilation (14) . However, no Bathyarchaeota have been successfully cultured, and the only genomic representative is a~21% complete single-cell genome, AB-536-E09 (E09), which was obtained from marine sediments (13) . Although the E09 genome appears to belong to a peptide fermenter, its full metabolic potential is not understood because of its genome being incomplete. Given the wide environmental and phylogenetic diversity of Bathyarchaeota, additional genomes are required to understand the metabolic capabilities of this understudied phylum.
In this study, we collected microbial biomass from filtered formation waters in 11 coal-bed methane wells within the Surat Basin (Queensland, Australia; fig. S1 ). Recovered DNA was sequenced, assembled, and binned into population genomes (supplementary materials). From the CX-10 sample, 19 population genomes were recovered (table S1), including two Bathyarchaeota genomes estimated to be~92% (BA1) and~94% (BA2) complete, as determined by the presence of single-copy marker genes (Table 1) . A genome tree, inferred from 144 phylogenetically informative genes, places the BA1 and BA2 genomes and the E09 single-cell genome in a well-supported phylum that is sister to the Thaumarchaeota and Aigarchaeota phyla (Fig. 1A) . The 16S rRNA gene tree is congruent with the genome tree and places these genomes with environmental clones belonging to Bathyarchaeota (Fig. 1B) . The BA1 and BA2 genomes only share 656 genes (31.5%), with an average amino acid identity of 67.0%, and they have a 16S rRNA sequence identity of 90.5% (table S2), indicating that they represent separate genera or families (15, 16) . E09 represents a distinct bathyarchaeotal family from BA1 and BA2, based on 16S rRNA sequence identity (81.5% to BA1, 83.5% to BA2), and shares 56 of its 603 genes (9.3%) with these genomes (fig. S2  and table S3) .
Metabolic reconstruction of the BA1 genome revealed the presence of many genes in the Wood-Ljungdahl pathway and key genes associated with archaeal methane metabolism ( Fig. 2 and table S4 )-most importantly, those that encode the methyl-coenzyme M reductase complex (MCR) (mcrABG and putatively mcrCD; supplementary text). The BA1 genome contains genes for methanogenesis from methyl sulfides (mtsA), methanol (mtbA), and methylated amines (mtaA, mttBC, mtbBC), as well as three mtrH subunits, each collocated with a corrinoid protein (Fig.  2) . The presence of these genes suggests the potential for diverse methyl compound utilization, similar to that found in obligate H 2 -utilizing methylotrophic methanogens belonging to the order Methanomassiliicoccales (17) . Additionally, these genes may be sufficient for methyl group transfer directly to tetrahydromethanopterin (H 4 MPT) for carbon assimilation (18) . Further, 12 novel methyltransferases with high similarity to each other, but divergent from known methyltransferases, were also identified in the genome, suggesting that this microorganism may use additional methylated compounds. However, the absence of most subunits of the Na + -translocating methyl-H 4 MPT:coenzyme M methyltransferase (MTR; encoded by mtrABCDEFG) suggests that BA1 is unable to perform hydrogenotrophic methanogenesis.
BA1 also contains genes (hdrABC and mvhADG) that encode a conventional heterodisulfide reductase-F 420 nonreducing hydrogenase electronbifurcating complex, which is needed for the cycling of coenzyme M (CoM) and coenzyme B (CoB). In addition, three copies of the gene for heterodisulfide reductase subunit D (hdrD) were found collocated with the gene for cytoplasmic flavin adenine dinucleotide-containing dehydrogenases (glcD), a gene arrangement also found in the lactate utilization operon of Archaeoglobus fulgidis (19) . This indicates that lactate may also serve as an electron donor for the reduction of the heterodisulfide in methanogenesis, functionally replacing methanophenazine and HdrE as the source of electrons for HdrD. The absence of HdrE is also seen in some methylotrophic methanogens belonging to the recently described order Methanomassiliicoccales, which also lack the genes for the MTR complex (17) . In addition to the missing MTR subunits, the BA1 genome also lacks most other energy-conserving complexes, including the F 420 H 2 dehydrogenase (encoded by fpo), energy-converting hydrogenases A and B (eha and ehb), Rhodobacter Nitrogen Fixation complex, and V/A-type adenosine triphosphate (ATP) synthase. The only complex capable of conserving energy via ion pumping is an energy-converting hydrogenase (encoded by ech), which may be sufficient for energizing the membrane for solute transport in the absence of energy-generating mechanisms. To ensure that our results did not reflect contamination within the BA1 population genome, we examined contigs encoding genes associated with methane metabolism to ensure that they agreed with the average guanine-cytosine (GC) content, coverage, and tetranucleotide frequencies of the genome ( fig. S3 ).
Similar to BA1, the BA2 genome contains genes that encode the MCR complex (mcrABGCD) and a number of additional genes typical of methane metabolism (hdrABC, hdrD, and mvhADG) (Fig. 2  and fig. S4 ). These include homologs to the genes for the novel methyltransferases found in BA1, suggesting that BA2 may also be capable of methylotrophic methanogenesis. However, in contrast to BA1, the majority of genes involved in the methyl branch of the Wood-Ljundahl pathway either were not identified or appeared to be repurposed. For example, the gene for formylmethanofuran:H 4 MPT formyltransferase (ftr) was present in the BA2 genome, but it was found in an operon for purine biosynthesis and may have been co-opted into the formyl transferase reactions in this pathway. Additionally, the H 4 MPT biosynthesis genes (mptBN) have greater sequence similarity to bacterial homologs than to euryarchaetoal or BA1 homologs. Chemiosmotic energy-conserving complexes were also absent in the BA2 genome, including the energy-conserving hydrogenase complex (ech) found in BA1.
In addition to the differences between their methane-metabolism pathways, comparative genomic analysis identified other metabolic differences between the BA1 and BA2 genomes. Similar to the peptide-fermenting lifestyle inferred from the E09 single-cell genome (13) deamination of amino acids by glutamate dehydrogenase (encoded by gdh), aspartate aminotransferases (aspC), and 2-oxoacid:ferredoxin oxidoreductases (kor, ior, por, and vor). Aldehydes generated by these oxidoreductases can also be used to generate reduced ferredoxin and oxoacids via multiple aldehyde:ferredoxin oxidoreductases (aor or for) (20) . Consistent with peptide fermentation, the BA1 genome contains multiple peptidases and amino acid and oligopeptide transporters (Fig. 2) . Acetyl-CoA generated in the above reactions, or through the reductive acetylCoA pathway, can be used for ATP formation through the adenosine diphosphate (ADP)-forming acetyl-CoA synthase (encoded by acd). The BA1 genome also contains a putative maltose transporter and an a1-4 glycosyl hydrolase (GH family 38), indicating that glucose may be used as a carbon or energy source. Similar characteristics of peptide fermentation and maltose utilization are seen in Pyrococcus and other nonmethanogenic archaea (20) . In contrast, BA2 appears to be a fatty-acid oxidizer, generating ATP from acetylCoA formed through b-oxidation and oxidation of pyruvate via the pyruvate:ferrodoxin oxidoreductase (encoded by por). Genes for acetate assimilation via phosphotransacetylase (pta) or acetate kinase (ack) were not identified in either genome. BA2 is predicted to be able to synthesize all 20 standard amino acids, whereas BA1 appears to be auxotrophic for histidine, proline, tryptophan, tyrosine, and phenylalanine, consistent with its ability to take up amino acids from the environment (Fig. 2) .
MCR is the only catabolic enzyme shared by all methane-metabolizing organisms and has not previously been identified in microorganisms outside Euryarchaeota. To further explore the distribution and diversity of this complex, mcrA gene sequences from BA1 and BA2 were used to identify homologs across the Surat Basin and 2705 publicly available metagenomes. Non-euryarchaeotal mcrA genes were recovered from 8 of the 11 Surat Basin samples, and these genes cluster with those from BA1 and BA2 (Fig. 3 and table S5 ). An additional five nearly full-length mcrA genes were recovered from hydrocarbon-seep samples from Coal Oil Point (Santa Barbara, California), and these sequences constitute sister lineages to the Surat Basin mcrA sequences (Fig. 3 and table S5 ). Non-euryarchaeotal mcrA gene fragments (50 to 98% amino acid similarity) were also identified in other high-methane flux environments, including tar sand tailing ponds (Alberta, Canada), petroleum reservoir sediments (North Sea, UK), and several aquatic environments (table S6) .
These results show that there is substantial mcrA diversity outside of the Euryarchaeota phylum, which may even extend beyond the Bathyarchaeota phylum. This diversity has previously gone unrecognized, because commonly used polymerase chain reaction primers for mcrA fail to amplify these divergent genes ( fig. S5 ). Our results also indicate that not all Bathyarchaeota encode mcrA. Bathyarchaeotal mcrA genes were not identified in many metagenomes, where a substantial proportion of the community were inferred to belong to this phylum (table S7), which explains conflicting observations about Bathyarchaeota and their role in methane metabolism (11, 21) . Consistent with the MCR subunit A (McrA) tree (Fig. 3) , trees for McrB and McrG show substantial divergence between euryarchaeotal sequences and homologs from the Surat Basin and Coal Oil Point, including the gene sequences identified within the BA1 and BA2 genomes (figs. S6 to S8). The congruent topologies of these gene trees support the hypothesis that the MCR complex has coevolved as a functional unit and that methane metabolism was present in the last common ancestor of Euryarchaeota and Bathyarchaeota.
Despite the divergence of these novel McrA genes from their euryarchaeotal homologs (Fig.  3) , they appear to be functionally conserved. The (table S10) . The ability of BA1 and BA2 to carry out complex fermentation and b-oxidation, respectively, is unique among archaeal methanogens and methanotrophs (2) . The presence of methanemetabolizing genes in a genome capable of complex fermentation leads us to hypothesize that BA1 is a methylotrophic methanogen that uses reduced ferredoxin, generated during fermentation of amino acids and maltose, to reduce methyl groups from diverse organic sources to methane ( Fig. 2 and supplementary text) . In contrast, we predict that BA2 derives its energy from fatty acid metabolism, and the presence of a gene for acetyl-CoA synthase (acs) suggests that carbon can be incorporated into biomass from acetate. However, like BA1, BA2 also appears to have the potential for methylotrophic methanogenesis using a wide range of methylated compounds (Fig. 2) . Both BA1 and BA2 appear to lack ATP synthase genes, suggesting that they are restricted to substrate-level phosphorylation to gain energy. Although bacterial and archaeal genomes lacking ATP synthase genes have been recovered from a contaminated aquifer (7, 24) , the absence of these genes in microorganisms with a methanogenic lifestyle is unexpected. These genes may be contained in the missing fraction (<10%) of the BA1 or BA2 genome, although this is unlikely, because they are absent in both genomes and could not be identified in the metagenomic data. Given the outstanding questions about these bathyarchaeotal genomes and the bidirectionality of the enzymes involved in archaeal methane metabolism, it remains possible that these organisms could gain energy from the oxidation of methane (14) . Although no genes were identified for coupling methane oxidation to known electron acceptors (25, 26) , it is possible that CO 2 could act as an electron acceptor in the reversal of acetoclastic methanogenesis, producing acetate for a syntrophic association (supplementary text). The discovery of bathyarchaeotal and non-euryarchaeotal methane-metabolizing lineages has potentially important consequences for our understanding of the carbon cycle and directly affects our interpretation of the origin and evolutionary history of the MCR complex. fig. S1 . SBC, Santa Barbara Channel.
